Bovine lens cytoplasmic aldehyde dehydrogenase exhibits Michaelis-Menten kinetics with acetaldehyde, glyceraldehyde 3-phosphate, p-nitrobenzaldehyde, propionaldehyde, glycolaldehyde, glyceraldehyde, phenylacetylaldehyde and succinic semialdehyde as substrates. The enzyme was also active with malondialdehyde, and exhibited an esterase activity. Steady-state kinetic analyses show that the enzyme exhibits a compulsoryordered ternary-complex mechanism with NAD+ binding before acetaldehyde. The enzyme was inhibited by disulfiram and by p-chloromercuribenzoate, and studies with mercaptans indicated the involvement of thiol groups in catalysis.
Bovine lens aldehyde dehydrogenase catalyses the irreversible oxidation of a variety of aldehydes to their corresponding acids, with NAD+ as the specific cofactor. The purification of the enzyme and the characterization of some of its physical properties have been described in the preceding paper (Ting & Crabbe, 1983) .
Detailed initial-steady-state-velocity studies as a function of acetaldehyde and NAD+ concentrations have been carried out on cytoplasmic aldehyde dehydrogenase from human liver (Vallari & Pietruszko, 1981) , horse liver (Eckfeldt & Yonetani, 1976) and yeast (Clark & Jakoby, 1970) . Similar studies with glyceraldehyde as substrate were also carried out on the enzyme from human liver (Sidhu & Blair, 1975) . All these results showed intersection patterns of straight lines in double-reciprocal space, indicative of a sequential mechanism with the formation of a ternary complex.
The study of the steady-state kinetics of both human and horse liver cytoplasmic enzymes in the presence of dead-end inhibitors (substrate analogues) and by product inhibition indicated that they essentially follow an ordered pathway with the initial formation of an E NAD+ binary complex (Eckfeldt & Yonetani, 1976; Vallari & Pietruszko, 1981) , but the human enzyme also shows a minor degree of 'randomness', i.e. both E * NAD+ and E aldehyde binary complexes were formed before the ternary complex, at higher acetaldehyde concentrations (Vallari & Pietruszko, 1981) . However, in similar studies of the human liver enzyme with glyceraldehyde as substrate the mechanism has been shown to be essentially following a randomequilibrium pathway (Sidhu & Blair, 1975) .
Using competitive substrates, Bradbury & Jakoby (1971) showed that the yeast enzyme's reaction mechanism was ordered, but aldehyde, rather than nucleotide, was the first substrate to bind. Weiner (1979) has proposed that the carbonyl carbon atom of the aldehyde is attacked by the enzyme nucleophile, which is believed to be an active thiol group, to form a thiohemiacetal. On removal of the hydride to NAD+, a thioester results, which then undergoes hydrolysis to form the acid product.
NADH release from the enzyme was found to be the rate-limiting step in human, horse and sheep liver cytoplasmic enzymes (Vallari & Pietruszko, 1981; Eckfeldt & Yonetani, 1976; MacGibbon et al., 1977) by transient kinetic analysis with stopped-flow apparatus.
In the present paper we report the results of steady-state kinetic studies on the bovine lens aldehyde dehydrogenase, which, although a dimer, shows many kinetic similarities to other, tetrameric, aldehyde dehydrogenases.
Materials and methods

Materials
Nucleotides and aldehyde substrates were prepared as described in the preceding paper (Ting & Crabbe, 1983) . Chloral hydrate was obtained from BDH Chemicals (Poole, Dorset, U.K.) and recrystallized from chloroform at below 0°C. The uncorrected melting point was 59-600C, and the i.r. spectrum was identical with that of pure chloral hydrate (Pouchert, 1975 (Kezdy & Bender,.1962) .
One unit of enzyme activity is defined as that amount of enzyme catalysing the formation of lumol of product measured/min.
Time-dependent inhibition was analysed by the procedure described by Crabbe et al. (1975) . Enzyme was incubated with inhibitor in a final volume of 0.2 ml in the cuvette. At appropriate time intervals, substrate and nucleotide were added to give a final volume of 1 ml. The final concentrations of all constituents, except inhibitor, were the same for each experiment. Substrate or nucleotide protection effects were studied by pre-mixing the enzyme with substrate or nucleotide for 30 s before incubation with inhibitor, and the rest of the constituents for the assay were added after appropriate time intervals.
Enzyme purification
This was as described in the preceding paper (Ting & Crabbe, 1983) .
Data analysis
Data points were fitted to the best line in Eadie-Hofstee or Lineweaver-Burk space by utilizing a least-squares linear-regression computer program. Data were also analysed by using the methods of Crabbe (1982) and Eisenthal & Cornish-Bowden (1974) . Statistical analyses were as described previously (Crabbe et al., 1980) . When error bars do not appear on Figures, the standard deviations were within the region described by the plotted points.
Equilibrium constant
The equilibrium constant of the reaction was calculated from the reduction potentials of the half-equations: NAD++ 2H++2e-NADH + H+ (E = -0.32 V) Acetate + 2H+ + 2e-. acetaldehyde (E = -0.6 V) under standard conditions (1 atm, 25 0C and with 1 mol of reactants) at pH 7.0.
Results and discussion Effects ofmercaptans and thiol-blocking reagents
In all these experiments, 2-mercaptoethanol was removed from enzyme solutions by dialysis. Enzyme activity increased in the presence of exogenous mercaptans. Glutathione exhibited a maximum effect at 5 mm, whereas 2-mercaptoethanol exhibited further activation as its concentration was increased from 5 mm to 20 mm. Ophthalmic acid (glutamylbutyrylglycine), a naturally occurring analogue of glutathione (Waley, 1956) , did not inhibit the enzyme activity at concentrations up to 2.5 mM with or without the presence of mercaptans, assayed at both pH 8.4 and pH 7.4.
Iodoacetate was ineffective at 0.25 mm, but iodoacetamide inhibited 59% of the enzyme activity at 0.15 mm. Arsenate did not inhibit at 0.25 mM with or without the presence of external mercaptans.
1983
Arsenite, however, inhibited the enzyme by 8% at 0.2mm, and the inhibition was increased to 50% in the presence of 7.1 mM-2-mercaptoethanol. Both p-chloromercuribenzoate and disulfiram were strong inhibitors of purified bovine lens aldehyde dehydrogenase. However, 17% of the enzyme activity still remained even when a large excess of disulfiram was added to the assay (enzyme concentration in the assay medium 0.0037,UM, assuming Mr 114000). Fig. 1 shows p-chloromercuribenzoate acting as a time-dependent inhibitor of the enzyme. The mixing of a saturating concentration of substrate with the enzyme before incubation had a protective effect, whereas premixing with the co-substrate, NAD+, only decreased the apparent pseudo-first-order deactivation constant, and the semi-logarithmic plot still reached the same asymptote as that when NAD+ was absent from the incubation mixture.
The data were also plotted in accordance with the procedure described by Crabbe et al. (1975 Complete inhibition with p-chloromercuribenzoate and disulfiram could not be found even when the inhibitor concentration was much higher than that of the enzyme (400-fold). This suggests that the disulfiram-reactive thiol groups might not be essential for covalent interaction with the aldehyde substrate during catalysis. This phenomenon has also been reported by Kitson (1978) and Dickinson et al. (1981) in studies of inhibition of sheep liver cytoplasmic aldehyde dehydrogenase by disulfiram. The lack of inhibition with iodoacetate is consistent with our observation that sodium acetate did not inhibit the reaction.
Steady-state kinetics
Substrate specificity. The purified lens enzyme, like purified aldehyde dehydrogenase from other sources, was non-specific towards its aldehyde substrates. Km and Vmax values for these aldehydes were obtained with the same batch of purified enzyme preparation, under saturating concentration of the nucleotide. The substrate concentration ranges were at least 250-fold, with 10mM as the highest substrate concentration for acetaldehyde, propionaldehyde, glycolaldehyde, glyceraldehyde and succinic semialdehyde, 2.5 mm for malondialdehyde and p-nitrobenzaldehyde (owing to the high intrinsic absorbance of these two substrates), 1.8 mm for glyceraldehyde 3-phosphate, and 0.563 mm for phenylacetaldehyde, owing to its solubility.
Substrate inhibition occurred with malondialdehyde when its concentration exceeded 1 mm in the assay mixture, and deviation from MichaelisMenten-type kinetics was observed when the results were plotted in Eadie-Hofstee space. Kinetic constants for this substrate were only estimated from the results obtained below 1 mm substrate concentration. The other substrates studied showed no significant deviation from Michaelis-Menten behaviour. Km and Vmax values obtained from non-linear-regression analysis for the substrates are shown in Table 1 . The enzyme was inactive when NADP+ was substituted for NAD+.
The purified lens aldehyde dehydrogenase also showed esterase activity with p-nitrophenyl acetate. The results obtained at pH 8.4 showed non-linearity when plotted in Eadie-Hofstee space, and substrate inhibition was observed at concentrations above 100pM. Both substrate inhibition and non-linearity disappeared at pH 7.4,, when Km = 4.3 ,UM and kcat = 0.26 s-1.
Preincubation of the enzyme with NAD+, acetaldehyde or propionaldehyde inhibited the hydrolysis of p-nitrophenyl acetate, as has been found for the purified rabbit liver enzyme (Duncan, 1977 (Fig. 2a) . When the observed experim were analysed by a non-linear-regressio program (Crabbe, 1982) , all series of data with the Michaelis-Menten equation.
Similar results were obtained when reciprocal plot of 1/v against 1/[NAD+] of concentrations of acetaldehyde was (Fig. 2b) . These observations can be des the following equation (Cleland, 1963 Substrate analogues ADP-ribose. The inhibition of the enzyme by ADP-ribose, with respect to NAD+, at fixed acetaldehyde concentration was competitive (Fig. 4a) (K1 = oo). The KI(siope) obtained from the secondary plot of slope versus inhibitor concentration was 0.484 + 0.065 mm, which is also the dissociation constant of ADP-ribose from the E * ADP-ribose complex.
ADP-ribose was essentially non-competitive with respect to acetaldehyde at fixed NAD+ concentration (0.2 mM) (Fig. 4b) . In this case the values obtained were K1s = 1.313 +0.542mM and Kii = 1.911 + 0.951 mM.
The dissociation constant of ADP-ribose from the E * ADP-ribose complex (KIDP-R1b) was calculated from the equations:
(1) (2) Since the velocity of the aldehyde dehydrogenase reaction with thio-NAD+ is not a significant contribution in the presence of NAD+, thio-NAD+ was used as a dead-end inhibitor. The results showed that thio-NAD+ was competitive with respect to NAD+ and non-competitive with respect to acetaldehyde. was the varied substrate were similar to those predicted from an 'Ordered' mechanism. The measured and predicted results for an 'Ordered' mechanism is shown in Table 2 . The close resemblance of the calculated and predicted results suggests not only that the mechanism is 'Ordered Sequential' but also that NAD+ is the substrate that binds first. The non-parallel and intersecting pattern of inhibition by ADP-ribose versus acetaldehyde in this study strongly favours NAD+ to be the first binding substrate. However, when chloral hydrate was used as substrate analogue (with respect to the aldehyde) the expected uncompetitive inhibition by chloral hydrate versus NAD+ was not apparent. The pattern seemed to be masked by a non-specific chloral hydrate effect on the enzyme protein, as was found for the human liver aldehyde dehydrogenase E, (Vallari & Pietrusko, 1981) . IWe therefore suggest that the dimeric bovine lens aldehyde dehydrogenase follows an ordered ternarycomplex mechanism, as detailed in Scheme 1. 
